S
ince the agricultural and industrial revolution 200 y ago, the methane concentration in the atmosphere has increased from less than 0.6 to 1.8 ppm. The present concentration is only 0.45% of that of CO 2 , but because methane has a 28-to 34-fold higher global warming potential than CO 2 on a 100-y horizon, it contributes significantly to global warming (1) . On the other hand, the lifetime of atmospheric methane is relatively short relative to CO 2 . Accordingly, the climate response to reductions of methane emissions will be relatively rapid. Thus, measures targeting methane emissions are considered paramount to mitigate climate change (2) .
One of the main anthropogenic sources of atmospheric methane are ruminants (cattle, sheep, goats), the number of which has grown in parallel with the world population. Presently, there are about 1.5 billion cattle, 1.1 billion sheep, and 0.9 billion goats raised by humans (3) . Ruminants emit about 100 million tons of methane per year, which corresponds to ∼20% of global methane emissions (4) .
In the rumen (Fig. 1 ), plant material is fermented by anaerobic bacteria, protozoa, fungi, and methanogenic archaea in a trophic chain, predominantly yielding acetate, propionate, butyrate, CO 2 , and methane with H 2 as intermediate (5, 6) . Whereas organic acids are absorbed and metabolized by the animals, methane escapes the rumen into the atmosphere via eructation and breathing of the animals. The generation of methane by methanogenic archaea in the intestine of domestic ruminants lessens feed efficacy, as up to 12% of the gross energy ingested by the animal is lost this way (7) .
Methane (CH 4 ) formation is the main H 2 sink in the rumen. It is formed by methanogenic archaea at the bottom of the trophic chain mainly from carbon dioxide (CO 2 ) and hydrogen (H 2 ) (Fig.  1) . However, the methane eructated by ruminants contains only minute amounts of H 2 ; the concentration of dissolved H 2 in the rumen is near 1 μM (8), equivalent to a H 2 partial pressure of near 140 Pa. Because at 1 μM, H 2 formation from most substrates in the rumen is exergonic (9) , the low H 2 concentration indicates that H 2 is consumed in the rumen by the methanogens more rapidly than it is formed by other microorganisms (10) . The H 2 concentration increases substantially only when methane formation from H 2 and CO 2 is specifically inhibited by more than 50% (10, 11) . Already a small increase in the H 2 concentration (8) leads to both down-regulation of H 2 -generating pathways (12) and up-regulation of H 2 -neutral and H 2 -consuming pathways such as propionate formation, resulting in additional energy
Significance
Methane emission from the ruminant livestock sector-a by-product from enteric fermentation of plant biomass in the ruminant digestive system-is produced by methanogenic archaea and represents not only a significant amount of anthropogenic greenhouse gases contributing to climate change but also an energy loss and a reduction in feed efficacy. The present study elucidates the development and the unique mode of action of the highly specific inhibitor 3-nitrooxypropanol (3-NOP), which is targeting the nickel enzyme methyl-coenzyme M reductase in rumen archaea that catalyzes the methane-forming reaction. At the very low effective concentrations recently applied in vivo (dairy and beef cattle), 3-NOP appears to inhibit only methanogens and thus to be attractive for development as a feed supplement.
supply to the host animal (13) (14) (15) . Thus, the H 2 concentration stays constant, although its consumption by methanogens is partially inhibited in the rumen.
The amount of methane formation per unit of ingested feedstuff can differ significantly between individual animals as it is a heritable trait (16) . Understanding these differences has been the scientific motivation to pursue the development of selective inhibitors of methanogenesis that are nontoxic to animals (17, 18) . Only recently, a compound has been described that apparently can both substantially decrease CH 4 and increase propionate productions in the rumen without compromising animal performance and health (19) . It is the small molecule 3-nitrooxypropanol (3-NOP) (chemical structure shown in Fig. 1 ) that has been found to persistently decrease enteric methane emissions from sheep (20) , dairy cows (21) , and beef cattle (22) without apparent negative side effects (19) . 3-NOP, given to high-producing dairy cows at 60 mg/kg feed dry matter (Fig. 1) , not only decreased methane emissions by 30% but also increased body weight gain significantly without negatively affecting feed intake nor milk production and composition (19) .
Methane formation in methanogenic archaea is catalyzed by methyl-coenzyme M reductase (MCR), involving methyl-coenzyme M and coenzyme B as substrates (Fig. 2A) . MCR is a nickel enzyme in which the nickel is bound in a tetrapyrrole derivative named cofactor F 430 (23, 24) . This nickel-containing cofactor has to be in the Ni(I) oxidation state for the enzyme to be active. ) couple is −600 mV, the enzyme is very susceptible to inactivation by oxidants (23, 24) . MCR has been well characterized by highresolution X-ray structures (25) (26) (27) and EPR spectroscopy (28) with either substrates or products bound.
The molecular shape of 3-NOP (Fig. 1 ) is similar to that of methyl-coenzyme M (Fig. 2A) . This fact and the moderate oxidation potential of 3-NOP suggested that inhibition of methanogenesis in ruminants is achieved by targeting the active site of MCR, for which we now provide experimental evidence. We start by describing how the development of 3-NOP was facilitated by molecular modeling.
Results
In silico, in vitro, and in vivo studies were performed to show that 3-NOP specifically targets MCR.
In Silico Studies. Based on the structure and properties of MCR, inhibitors were developed with the aid of 3D pharmacophore- based virtual screening and molecular docking studies focusing on analogs of methyl-coenzyme M as lead structure. The inhibitor was designed to be both uncharged, allowing cell penetration by diffusion, and a moderate oxidant facilitating the oxidation of Ni(I) in the active site of MCR. These considerations led to a series of potential candidates that best fit into the active site of MCR. Among these, 3-NOP turned out to be the most promising. Based on the docking scores (Methods), two preferred sets of binding poses for the nitrate ester were identified, both occurring with similar probability, whereas other potential binding modes scored significantly lower. Strikingly, one of the binding poses of 3-NOP (Fig. 2B ) was found to be very similar to that of the natural ligand methyl-coenzyme M (Fig. 2D) . The nitrate-ester group of 3-NOP, which can be reduced easily (29) , is positioned in electron transfer distance to Ni(I) of F 430 and the hydroxyl group of 3-NOP interacts via a water molecule with Arg120 that is responsible for coordinating the sulfonate group of methyl-coenzyme M. In the second binding pose, the nitrate group of 3-NOP interacts with Arg120, whereas the hydroxyl group of 3-NOP is located close to the Ni(I) (Fig. 2C) .
In Vitro Studies. Purified MCR was found to be inactivated by 3-NOP as indicated by a rapid decrease in the rate of methane formation in the presence of the nitrate ester, confirming our in silico studies. Only 0.1 μM 3-NOP was required to completely inactivate MCR within several minutes of exposure (Fig. 3A) .
MCR inactivation was also monitored by EPR spectroscopy. Untreated enzyme exhibits a characteristic EPR spectrum as shown in Fig. 3B (black trace). The observed spectrum is the result of a superposition of two MCR states: 95% MCR red1 [the active Ni(I) form of the enzyme], and 5% MCR ox1 [an inactive Ni(III) form] (30). After complete inactivation by 3-NOP (5 mM), only the signal corresponding to the 5% MCR ox1 was detected (red trace). Apparently, the MCR red1 signal was completely quenched, implying that Ni(I) in MCR red1 was oxidized by 3-NOP to an EPR silent Ni(II) oxidation state. Because quenching of the MCR red1 signal [oxidation of Ni(I) to Ni(II)] is a one-electron process, one would expect that somewhere in the sample a free electron is formed, which should be detectable in EPR. Indeed, radical species could be detected but their signal intensity was very low. When there are multiple possible reactions and/or the electron is hydrated by water, such a free electron is very difficult to detect. Fig. 3B also displays the change of the EPR signal intensity over the course of titrating active MCR with 3-NOP. The EPR signal decreased with increasing concentrations of 3-NOP. Less than a 20 μM concentration of 3-NOP was required for a 50% quench of the 78 μM MCR red1 signal. After complete inactivation, about 0.2 mol of nitrite and 0.7 mol of nitrate per mol of quenched MCR red1 were found in the samples (Fig. 3C ), indicating that 3-NOP was at least partly reduced to nitrite. Interestingly, nitrite was also found to inactivate purified MCR via Ni(I) oxidation at very low concentrations (Fig. 3D) . However, the rate of inactivation in the presence of nitrite was slower by several orders of magnitude (minutes vs. milliseconds) compared with 3-NOP. The ability of both 3-NOP and its reduction product nitrite to inactivate MCR makes 3-NOP a unique tandem-charge warhead inhibitor (31) and explains why substoichiometric amounts of 3-NOP were required to oxidize Ni(I) in the active site of MCR to Ni(II) (Fig. 3B) . [A tandem-charge weapon is a projectile that has two stages of detonation (31) .] On the other hand, both sodium nitrate (Fig. 3D ) and 1,3-propanediol (see below) had no effect on the EPR spectra of MCR at concentrations up to 10 mM.
It is reasonable to assume that 1,3-propanediol is another main reaction product. We have proven the formation of 1,3-propanediol in vivo by radiolabeling experiments (see In Vivo Inhibition of Methanogenesis), but in vitro quantification by NMR or GC-MS turned out to be difficult due to insufficient sensitivity: based on our experiments, less than 1 mol of 1,3-propanediol was formed per mole of inactivated MCR.
We were curious to see whether the products of 3-NOP reduction could be identified in the crystal structure of MCR, which was inactivated by 3-NOP in vivo. Indeed, structural comparison of the untreated, active MCR (Fig. 4A ) with the enzyme inactivated in vivo (Fig. 4B ) revealed differences that suggest entrapment of reduction products of 3-NOP in the active site. Although in Fig. 4A the continuous electron density can be assigned to HS-CoM, in Fig.  4B there are only electron density blobs that might be due to nitrite and 1,3-propanediol (see In Vitro Studies) bound nonspecifically in the active site, which makes their accurate modeling impossible.
After purification, the nickel in MCR (Fig. 4 A and B ) was in the Ni(II) oxidation state and contained coenzyme M (Fig. 4A ) and coenzyme B tightly bound (Fig. 4 A and B) . When MCR, as prepared for Fig. 4A , was dialyzed against 5 mM 3-NOP for 24 h at 60°C to try to remove the bound coenzyme M and coenzyme B and was then crystallized, the crystal structure was found to be almost identical to that shown in Fig. 4A and this was confirmed by data collection at the sulfur K-edge. This is consistent with previous findings that the ligand bound to Ni(II) does not exchange with substrate analogs outside of inactivated MCR, probably because the bound coenzyme B blocks the substrate entrance to the active site (26) .
In Vivo Inhibition of Methanogenesis. In a subsequent series of experiments, the specificity of this inhibitor toward selected representatives of different methanogenic and nonmethanogenic cultures was evaluated. We first investigated its effect on growth with the model organism Methanothermobacter marburgensis. Upon addition of 3-NOP (final concentration of 10 μM) to cultures of M. marburgensis, both growth and methanogenesis almost immediately stopped (Fig. 5A) . At a 10-fold lower concentration of 3-NOP (1 μM), complete inhibition was also observed, but after 5 h, growth and methane formation resumed. It is known that methanogens contain a repair system that can reactivate MCR in a H 2 -, ATP-, and chaperone-dependent reduction process (32) (33) (34) . Thus, inhibition of methanogenesis is reversible in vivo.
Inhibition of both growth and methane production by 3-NOP was also observed with methanogens from the rumen (Fig. 5B) and from other environments (Table S1 ): Methanobrevibacter ruminantium (<0.25 μM; Fig. 5B Fig. 5B for 0.25 μM). As a control, the effect of 3-NOP (100 μM) on the growth of nonmethanogenic rumen bacteria was assessed: Ruminococcus albus, Ruminococcus flavefaciens, Selenomonas ruminantium, Streptococcus bovis, Fibrobacter succinogenes, Anaerovibrio lipolytica, Prevotella bryantii, Prevotella ruminicola, Megasphaera elsdenii, Butyvibrio fibriosolvens, Clostridium aminophilum, and Escherichia coli (Table S1 ). Growth of none of these cultures was negatively affected by the nitrate ester (100 μM). The effect of 3-NOP is thus highly specific toward methanogenic archaea.
We also tested whether 3-NOP is metabolized by the rumen microorganisms and, if yes, to what product(s). Samples of actively fermenting cow rumen fluid were anaerobically incubated with 14 C-labeled 3-NOP at 38°C and analyzed in several time intervals for 14 C-labeled product formation. Under the experimental conditions chosen, almost all of the added 3-NOP (0.036 μmol/2 mL = 18 μM) was converted to 1,3-propanediol after 24 h as revealed by radio-HPLC (Fig. S1 ). 14 C-labeled products other than 1,3-propanediol were not found in significant amounts. No conversion of 3-NOP was observed under aerobic conditions. Discussion 3-NOP, whose development was guided by in silico methods, was shown to inhibit methanogenesis, in vitro and in vivo, by targeting MCR and oxidizing its active site Ni(I). Nitrate, nitrite, and most probably 1,3-propanediol were formed alongside MCR inactivation. Nitrite, in turn, was also found to effectively inactivate MCR. At the low concentrations of 3-NOP and of nitrite required to completely inhibit methanogenesis, these compounds are not toxic to animals (19, 35, 36) . 1,3-Propanediol (37) and nitrite (38) are commonly occurring intermediates in the rumen.
The amount of 3-NOP, which has to be added to the feed to obtain 30% inhibition of methanogenesis (60 mg per kg dry matter ≙ 25 μM, assuming the dry matter content of the rumen to be 5%), is considerably higher than predicted from our pure culture studies. There are two likely explanations why the steadystate concentration of 3-NOP in the rumen is lower than calculated. It is known that 3-NOP is reduced to nitrite and 1,3-propanediol by rumen bacteria as shown for cow rumen fluid in Fig. S1 . For example, Enterobacter species contain an aliphatic nitroester reductase, closely related to the old yellow enzyme, that catalyzes this reaction using NADPH as electron donor (29) . Furthermore, 3-NOP can easily diffuse through membranes. As a result, the compound is quickly distributed throughout the animal where it is denitrated, primarily in the liver (39). Methanothermobacter marburgensis grown at 65°C in a 25-mL batch culture with a 100-mL gas phase; (B) Methanobrevibacter ruminantium grown at 37°C in a 5-mL batch culture with a 10-mL gas phase.
In the past, two other specific inhibitors of MCR have been described, namely bromoethane sulfonate (BES) and bromopropane sulfonate (BPS). Both compounds exert their inhibitory effect in vitro at low concentrations by inactivation of MCR, BES at an IC 50 of 4 μM (concentration required for 50% inhibition) and BPS at an IC 50 of 0.05 μM (40) (41) (42) . The mechanism of inactivation has been shown to be an electrophilic attack of the bromo compounds on the Ni(I) resulting in its alkylation and oxidation (43) . Because of the negatively charged sulfonate group of BES and BPS, both inhibitors cannot freely diffuse through the cytoplasmic membrane of methanogens and are therefore generally poor inhibitors of methanogenesis in vivo (44) . Generally, more than 1 mM BES or BPS are required to inhibit growth and methanogenesis. An exception appears to be M. ruminantium with an in vivo IC 50 of 1 μM for BES (42, 44) . This rumen methanogen requires coenzyme M as vitamin (45, 46) and contains a coenzyme M transporter (47) , by which most probably also BES (48) but not BPS (44) is actively carried across the cell membrane. However, the unfavorable toxicological profile of BES, a result of its alkylating potential, prevents it from being authorized as a feed additive for ruminants (42) .
In conclusion, 3-NOP inhibits enteric methane emissions from ruminants by specific inactivation of the enzyme MCR via a tandemcharge warhead inhibition mechanism. Both the detailed understanding of this mechanism and 3-NOP's high specificity are likely to promote the nitrate ester as a ruminant feed supplement. More importantly, it promises to be a valuable research tool to study the role of methanogenesis in rumen fermentation and in other methanogenic biotopes such as the intestinal tract of termites and paddy field soils (4). There is a caveat, however: The 3-NOP concentration required for inhibiting growth of Methanosarcina barkeri on methanol and H 2 and of Methanomicrobium mobile on H 2 and CO 2 was almost 100 times higher than required to inhibit growth of M. ruminantium on H 2 and CO 2 . The reason for this difference in activity is presently unclear.
Methods
Sources of chemicals, culture sources, used growth media, growth assays, and the methods for the determination of 1,3-propanediol, nitrate, and nitrite are described in SI Methods (49-51).
Molecular Modeling. The pharmacophore generation protocol in LigandScout 3.1 (Inte:Ligand GmbH) was used to generate the pharmacophore model directly from the receptor-ligand interactions as revealed in the 1HBN PDB structure (52) .
Molecular modeling was performed with Schrödinger Software Suites v2010-2015 (Schrödinger release 2010; Maestro 9.1; Schrödinger, LLC) and Glide (version 5.6; Schrödinger, LLC) was used for virtual screening and flexible ligand-receptor docking (53) . Docking scores and rankings of binding poses were obtained using complex scoring algorithms as implemented in Glide SP and Glide XP as part of the Schrodinger software suite (54-56). Fig. 2 B-D was generated and rendered with PyMOL (The PyMOL Molecular Graphic System, version 1.8.0; Schrödinger, LLC).
MCR Purification. The enzyme was purified from Methanothermobacter marburgensis. The methanogen contains two MCR isoenzymes designated MCR I and MCR II that have similar properties (57) . Both nickel enzymes have an apparent molecular mass of near 280 kDa, are composed of three different subunits in an α 2 , β 2 , γ 2 configuration, and harbor two interlinked active sites with each a F 430 as prosthetic group (25) . For the studies here, only MCR I was used.
For activity and EPR measurements, MCR was purified from M. marburgensis grown exponentially in a 12-L fermenter containing 10 L of culture gassed with 80% H 2 /20% CO 2 /0.01% H 2 S at a rate of 10 L per min and stirred at a rate of 1,000 rpm. When the culture had reached an OD of ∼4, gassing was switched to 100% H 2 and the culture was cooled to 4°C and harvested, yielding about 80 g of cells (wet mass). From the cells, MCR I was anaerobically purified in the presence of 10 mM coenzyme M as described previously (58) . The protein concentration was determined by measuring the absorbance of oxidized enzyme (MCR silent ) at 420 nm using e = 44,000 M for a molecular mass of 280,000 Da.
For crystal structure determination, MCR was purified from M. marburgensis grown exponentially in two 2-L fermenters containing 1.5 L of culture gassed with 80 H 2 /20% CO 2 /0.01% H 2 S at a rate of 0.75 L per min and stirred at a rate of 1,000 rpm. When the culture had reached an OD of ∼4, 3-NOP (0.5 mM) was added to one of the cultures and after another 30 min of continuous gassing and stirring both cultures were cooled down to 4°C and harvested separately by centrifugation, yielding 16 g of cells (wet mass) in the case of the untreated culture and 13 g in the case of the 3-NOP treated culture. The cell pellets thus obtained were directly used for anaerobic purification of MCR I in the absence of coenzyme M essentially as described previously (58) , with the exception that, in the case of the cells treated with 3-NOP, the lysis buffer contained 0.5 mM 3-NOP before harvest. About 20 mg of native MCR I and about 16 mg of the 3-NOP inactivated MCR I were thus obtained. (Fig. 3B) . The assay of methane formation from methylcoenzyme M and coenzyme B was performed in a closed 7.5-mL bottle containing 400 μL of assay solution and 100% N 2 as gas phase. The solution contained 50 mM Tris·HCl, pH 7.6, 10 mM methyl-coenzyme M, 1 mM coenzyme B, 10 mM DTT (to regenerate coenzyme B from CoM-S-S-CoB; Fig. 2A) , and purified MCR. DTT was used as an electron source instead of titanium(III) citrate plus cobalamin to regenerate coenzyme B, because titanium(III) citrate spontaneously reduces 3-NOP. The reaction was started by the addition of enzyme. At the times indicated in Fig. 3A , 100-μL gas samples were withdrawn from the head space and analyzed for methane gas chromatographically with flame ionization detection (Buck Scientific; model 910). (Fig. 3) . MCR, purified as described above, was supplemented with 3-NOP, sodium nitrate, or sodium nitrite (final volume, 0.3 mL) and incubated for 15 min at room temperature in an EPR tube that was subsequently frozen in liquid nitrogen. Continuous-wave (CW) EPR spectra were measured at X-band (9-GHz) frequency on a Bruker EMX spectrometer fitted with an ER-4119-HS (high-sensitivity) perpendicular-mode cavity. Measurements at 77 K were performed by fitting the cavity with a liquid nitrogen finger Dewar. All spectra were recorded with a field modulation frequency of 100 kHz, modulation amplitude of 0.6 mT, and frequency of 9.386 GHz. The EPR signal intensities were determined by measuring the respective EPR-active species under nonsaturating conditions. Because the signals represent the first derivative of the absorption-type signal, the spectra were double integrated, and the surface area of each signal, corrected for the presence of two nickel sites per MCR, was compared with that of a 10 mM copper perchlorate standard (10 mM CuSO 4 ; 2 M NaClO 4 ; 10 mM HCl). The values obtained this way were compared with the known enzyme concentration, which was set to 100%. When more than one signal is present, each signal is simulated, the compound spectrum is reproduced, and the double-integration value of each individual component is obtained. The BioEPR package was used for spectral simulation and double integration of the signals (59) . Only the intensities of the paramagnetic species (red1 and ox1) could be determined as described. The amount of the EPR-inactive form, MCR silent , was assigned as the difference between the concentration of MCR present and the concentration of the paramagnetic species.
MCR Activity Assay

MCR EPR Signal Determination
MCR Crystal Structure Determination (Fig. 4) . Crystallization was performed at 8°C under aerobic conditions using the sitting-drop method in 24-well plates (CombiClover Junior Plate; Jena Bioscience). To 1 μL of crystallization solution [25% (vol/vol) PEG 400, 300 mM MgCl 2 , 200 mM NaCl, and 100 mM Hepes, pH 7.5], 2 μL of MCR I solution (30 mg/mL) was added and mixed. Brick-shaped yellow crystals appeared after 20 h. The crystals were flashfrozen directly in liquid nitrogen. The frozen crystals were analyzed by X-ray diffraction (Table S2 ). The data were processed with iMosflm and scaled with SCALA in the CCP4 suite (60) . The crystal structures were solved by molecular replacement using the MCR I structure from M. marburgensis as a template (PDB ID code 3POT) with Molrep from CCP4 (61) . The rigid-body refinement was first executed with REFMAC5 (62) , and then the model was manually rebuilt with COOT (63) and further refined with PHENIX (64); noncrystallographic symmetry and refinement with hydrogen in the riding position were applied. The final model was validated through the MolProbity server (molprobity.biochem.duke.edu). Fig. 4 was generated and rendered with PyMOL (Schrödinger, LLC).
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Duin et al. 10 .1073/pnas.1600298113 SI Methods 3-NOP and MCR Substrates. 3-NOP was synthesized from 1,3-propanediol and nitric acid (49) . Coenzyme M, methyl-coenzyme M, and coenzyme B were synthesized as described (50, 51) .
3-Nitrooxy[3-14 C]propane-1-ol (1.021 MBq/μmol = 27.58 μCi/μmol) was obtained from Selcia Limited, and 3-nitrooxy [1, 2, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]propane-1-ol from DSM Nutritional Products.
Culture Sources. The methanogenic archaea and bacteria investigated and the media used for their growth are listed in Table S1 . Media for methanogenic archaea were prepared anaerobically under a gas atmosphere of 80% H 2 and 20% CO 2 and adjusted to pH 6.7 (https://www.dsmz.de/). M8 medium for bacteria was prepared under a gas atmosphere of 100% CO 2 (65) .
Testing the Effect of 3-NOP on the Growth of Methanothermobacter marburgensis (Fig. 5A) . The archaeon was grown in 125-mL glass bottles containing 25 mL of mineral salts medium (66) and closed with a rubber stopper. The 100-mL gas phase was 80% H 2 /20% CO 2 at 1.6 × 10 5 Pa pressure. At time 0 (Fig. 5 ), 1.5 mL of an actively growing culture was used as inoculum. Incubation was at 65°C under continuous rapid shaking. Growth was followed by measuring the increase in optical density (OD) at 600 nm in 1-mL samples. After about 2.5 h, when an OD of 0.2 was reached, 3-NOP was added at the concentrations indicated.
Testing the Effect of 3-NOP on the Growth of Methanobrevibacter ruminantium (Fig. 5B) and of Other Microorganisms.
Archaea. Methanogenic archaea other than M. marburgensis were grown in 5 mL of medium at 37°C in 15-mL Hungate tubes sealed with butyl rubber septum and aluminum seals. The 10-mL gas phase was 80% H 2 /20% CO 2 at 2 × 10 5 Pa pressure. In the case of M. stadtmanae and M. barkeri, H 2 and methanol (100 mM) was the energy source. After inoculation with 0.3 mL of an actively growing preculture, the tubes were horizontally placed in a shaking incubator at 37°C at 120 rpm. Growth was followed by CH 4 production using a flame ionization-detector GC. In brief, a subsample of 0.5 mL of gas from head space in each tube was taken and then injected manually in the GC (HP Hewlett 5890, Packard Series II) using a 1-mL Sample-Lock syringe (Hamilton). The concentration of CH 4 was determined using a standard curve generated by injecting different volumes of pure CH 4 before and after the injection of samples. Methane was measured over 12 d every 2 d coinciding with new pressurization of head space to 2 bar with 80:20 H 2 :CO 2 gas mixture. To test the effect of 3-NOP on methanogenesis, three consecutive 5-mL batches of incubations were conducted. In each batch, the following treatments were used in triplicate: (i) blanks, only media; (ii) controls, cultures in the absence of inhibitor; (iii) 3-NOP added to a final concentration of 0.025, 0.25, 0.5, 5, 50, 100, 250, or 500 μM. The 3-NOP was added on day 2 after culture inoculation. Bacteria. Bacteria were grown in 7 mL of medium at 37°C in 15-mL sealed Hungate tubes. The 8-mL gas phase was 100% CO 2 at 2 × 10 5 Pa pressure. After inoculation with 0.5 mM of an actively growing preculture, the tubes were horizontally placed in a shaking incubator at 37°C at 120 rpm. Bacterial growth was monitored over 32 h by measuring OD at 600 nm. 3-NOP (100 μM) was delivered in the culture straight after inoculation.
Testing the Metabolism of 3-NOP in Rumen Fluid. The assays were performed at 38°C under strictly anoxic conditions in 10-mL bottles closed with a rubber stopper, filled with 100% CO 2 and SLS, Swiss Light Source. *Values relative to the highest resolution shell are within parentheses. † R free was calculated as the R work for 5% of the reflections that were not included in the refinement. ‡ rmsd, root-mean-square deviation.
